Climate model data are increasingly used to drive hydrological models, to assess the possible impacts of climate change on river flows. Hydrological models often require potential evaporation (PE) from vegetation, alongside precipitation, but PE is not usually output by climate models so has to be estimated from other meteorological variables. Here, the Penman-Monteith formula is applied to estimate PE using data from a 12 km Regional Climate Model (RCM) and a nested very high resolution (1.5 km) RCM covering southern Britain. PE estimates from RCM runs driven by reanalysis boundary conditions are compared to observation-based PE data, to assess performance. The comparison shows that both the 1.5 and 12 km RCMs reproduce observation-based PE well, on daily and monthly time-steps, and enables choices to be made about application of the formula using the available data. Data from Current and Future RCM runs driven by boundary conditions from a Global Climate Model are then used to investigate potential future changes in PE, and how certain factors affect those changes. In particular, the importance of including changes in canopy resistance is demonstrated. PE projections are also shown to vary to some extent according to how aerosols are modelled in the RCMs.
INTRODUCTION
There is increasing concern about the potential impacts of climate change on the hydrological cycle (Stocker et al. ) . Modelling the possible hydrological impacts is particularly important as changes in the water cycle can affect people and ecosystems both directly (e.g. via changes in water availability and flood frequency) and indirectly (e.g. via changes in food and energy production) ( Jiménez Cisneros et al. ).
Using Regional Climate Model (RCM) data as an input to hydrological models allows investigation of how climate change may affect river flows (e.g. Ott et al. ; Kay & including changes in all the influencing variables, but also concerns about data quality when using more complex formulae (see discussion by Kay et al. () ).
As part of a recent Natural Environment Research
Council (NERC) Changing Water Cycle project, CONVEX, the Met Office ran a very high resolution (1.5 km) RCM for southern Britain, nested in a 12 km RCM driven by global atmospheric reanalysis (ERA-Interim) boundary conditions (1989) (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) . They also ran Current (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) and Future (∼2100 s) climate simulations, with both aerosol climatology and full aerosol modelling setups, nesting the RCMs in a Global Climate Model (GCM). Kendon et al. () found that rainfall in the 1.5 km RCM is more realistic than in the 12 km RCM. In the 12 km RCM, there is a tendency for heavy rain events to be too persistent and widespread, and not heavy enough. Conversely, the 1.5 km RCM has a tendency for heavy rain to be too intense, but it still gives a much better representation of duration and spatial extent. This paper uses the RCM data from the CONVEX project to estimate PE for short grass, using the PenmanMonteith formula. The following questions are considered:
how do RCM estimates of PE compare with observationbased PE; how do the 12 and 1.5 km estimates of PE compare; and how might PE change in the future due to climate change, and what factors influence this PE change? PE estimates from the ERA-driven RCM runs are compared against observation-based PE from the Met Office Rainfall and Evaporation Calculation System (MORECS) (Hough et al. ) , as MORECS is the closest to an observational estimate of PE and is widely used by the hydrological community in Britain. Also, the RCM PE estimates are required for an investigation of the use of very high resolution data for hydrological modelling, in which the hydrological models to be used are tuned using MORECS PE along with observed precipitation data (Bell et al. ; Crooks et al. ) . However, MORECS PE is only produced on a 40 × 40 km grid of squares across the UK. The RCM data thus provides the opportunity to estimate PE using a much finer resolution. The comparison includes an assessment of several choices available within the PE estimation method.
Future changes in PE are investigated using the GCMdriven Current and Future RCM simulations. Relatively few studies have looked at potential future changes in PE in Britain, and even fewer have looked at historical changes, either in Britain or globally, but the studies that do exist generally suggest increases (Kay et al. ) . However, most of these studies have calculated PE changes only from changes in (some of) the meteorological variables; PE can also be affected by increases in the atmospheric concentration of CO 2 via changes in stomatal resistance (Bell et al. ; Pan et al. ) . The effect of changes in stomatal resistance is considered here, as is the influence of the method of including aerosols in the RCMs.
Although the focus of this paper is use of RCM data to produce PE estimates that will subsequently be used to drive hydrological models, the issues highlighted will be of wider interest. For example, PE can be an important component in crop modelling (Lovelli et al. ) and ecological modelling (Fisher et al. ) . 
METHODOLOGY
where λ is the latent heat of vaporisation (Jkg À1 ), Δ is the rate of change of saturated vapour pressure with temperature
), ρ a is the near surface air density (kgm À3 ), c a is the specific heat of air
), e s is the saturation vapour pressure at screen temperature (kPa), e d is the screen vapour pressure (kPa), γ is the psychometric constant (kPa W C À1 ), r a is the aerodynamic resistance to vapour transfer in the atmosphere (sm À1 ) and r s is the bulk surface (canopy or bare soil) resistance (sm À1 ). The saturation vapour pressure e s at temperature T ( W C) is given by 
and the other uses the min and max temperature (T min , T max )
The aerodynamic resistance r a is calculated from the 10 m wind speed U 10 (ms À1 ) using
which includes a logarithmic correction for wind height (Hough et al. ) , and surface resistance r s is calculated using
where Table 2 ).
The climate model variables used for the calculation of PE are thus 1.5 m temperature, 1.5 m relative humidity, 10 m wind speed and net surface downward longwave and shortwave radiation (which sum to R n ).
Estimating PE for future RCM runs PE can be affected not just by changes in meteorological inputs, but also by changes in the behaviour of vegetation.
In particular, higher CO 2 concentrations can lead to plant stomata opening less widely, resulting in higher stomatal resistance, but can also enhance plant growth, leading to a greater leaf area and more stomata (e.g. Bunce ; 
where r sc_M are the monthly MORECS grass r sc values and r sc_F are the values adjusted for the future climate (Table 2) . Surface resistance r s is then calculated from r sc_F using Equation ( 
RESULTS

ERA-driven RCM runs
To choose a calculation of vapour pressure (Equations (3) and (4)), the 12 and 1.5 km estimates of PE are compared with MORECS PE at different timescales, daily and monthly, for three sites in Britain (Figure 1 ) for the year 1990. The sites were chosen to give spatial coverage across the UK; a southern site (Lyneham), a Midlands site (Nottingham) and a northern site (Galashiels) (not covered by the 1.5 km domain). Figure 2 shows the PE using Equation (3) for vapour pressure; equivalent figures for PE calculated using Equation (4) on peak river flows in southern Britain. As the 1.5 km full aerosol modelling run is not full length, the aerosol climatology run will be used to get sufficient length to look at flood frequencies.
